Mesoporous silica nanoparticles (MSN) have emerged as appealing host materials to accommodate guest molecules for biomedical applications, and recently various methods have been developed to modulate the loading of guest molecules in the silica matrix. Herein, it was demonstrated that pH and ion strength showed great influence on the loading of charged species into the nanoparticles, taking MCM-41 as a host MSN model and methylviologen (MV 2+ ) and 1,5-naphthalene disulfonate (NDS 2− ) as typical charged ionic guest molecules. As the pH increased from 3.0 to 8.0, the loading amount of MV 2+ increased gradually, while on the contrary, it decreased gradually for NDS 2− , for the solution pH changed the electrostatic interaction between the silica matrix and the ionic guest molecules. Additionally, the adding of NaCl reduced the electrostatic interaction, which resulted in a decreasing of the electrostatic rejection and electrostatic accumulation for the molecules carrying the same and the opposite charge to the particle respectively. Thus, pH and ion strength can be employed as simple approaches to modulate the loading of charged molecules and permselectivity in MSN. This work has a definite guidance function for molecule loading, transport modulation, controlled release as well as sensors based on MSN.
Introduction
Mesoporous silica nanoparticles (MSN) have emerged as appealing host materials to accommodate guest molecules because of their distinctive characteristics of high surface area, tunable ordered pore structure, uniform and tunable pore size, and ease of surface functionalization [1] [2] [3] [4] . These excellent properties make them ideal materials for controlled drug release [5] [6] [7] [8] [9] [10] [11] [12] , immobilization host for biomolecules [13] [14] [15] [16] [17] [18] , and biosensors [19] [20] [21] [22] [23] [24] . For these applications, the loading of guest molecules in the mesoporous nanoparticles plays a key role. To control the loading of guest molecules, it is expected to adjust the host-guest interaction by tailoring the host matrix features as well as the environmental conditions. It has been demonstrated that many particle features of mesoporous materials affect the uptake and release of guest molecules, including pore diameter [25, 26] , pore volume [27, 28] , surface area [29] , and surface functional groups [30] [31] [32] [33] [34] . Only molecules whose size is smaller than the pore can transport into the mesoporous nanoparticle, and the bigger the pore volume, the higher the loading amount [26, 28] . Besides all these physical and textural properties of mesoporous silica materials, the solution parameters also affect the guest molecule loading in the mesoporous nanoparticles, such as solvent polarity, pH and ion strength of the solution. Hata investigated the effect of solvents on the loading of Taxol, an anticancer drug, in mesoporous silica and found that Taxol was adsorbed into mesopores in dichloromethane or toluene solution, whereas Taxol was not adsorbed in methanol or acetone solution [26] . pH and ion strength are simple and convenient approaches to modulate the molecule loading. Taking SBA-15 as a MSN model, Hudson et al studied the immobilization of cytochrome c onto SBA-15 at different pH and ion strength [35] . It was found that the solution pH dominated the protein loading in SBA-15. The loading amount of cytochrome c was much higher at pH 7.0 since the electrostatic interaction between the protein and the matrix is much greater than that of pH 4.0. Moreover, the increase of ion strength of the initial cytochrome c solutions hindered its adsorption onto SBA-15 at pH 7.0. Many guest molecules loaded in mesoporous materials for applications in controlled release and sensors are small ionic molecules. However, up to now, there has been little research on the loading principle of these molecules into mesoporous materials. Their permselectivity in mesoporous materials has also not been well investigated [36] .
Herein, to explore the interaction of charged guest molecule in the mesoporous nanoparticles in mesoporous materials, the loading of cationic methylviologen (MV 2+ ) and anionic 1,5-naphthalene disulfonate (NDS 2− ) in MCM-41 at different pH and ion strengths was investigated. The pH and ion strength of the solution were employed to modulate the loading process via adjusting the host-guest interaction strength in the nanoconfined space in MSN. It was found that the ionic charge state of the mesoporous nanoparticles determines the loading process of cationic MV 2+ and anionic NDS 2− in the particles, and the solution pH and ion strength are effective factors for modulating the loading and permselectivity in the mesoporous matrix.
Experimental section

Materials
N-cetyltrimethylammonium bromide (CTAB, ∼99%) was purchased from Alfa Aesar. Sodium hydroxide (NaOH), tetraethylorthosilicate (TEOS, 28%), acetic acid (HAc) and sodium acetate trihydrate (NaAc·3H 2 O) were purchased from Xilong reagent company (Guangdong, China). Methylviologen (MV 2+ ) and 1,5-naphthalene disulfonate (NDS 2− ) were obtained from TCI and used as received. All buffers were prepared with ultrapure Milli-Q water (resistance > 18.2 M cm −1 ).
Synthesis of MCM-41
The MCM-41 silica nanoparticles were synthesized according to the literature in a typical protocol [37] . 0.50 g CTAB was dissolved in 240 ml of nanopure water. Then, 1.75 ml NaOH aqueous solution (2.0 M) was introduced to the CTAB solution and the temperature of the mixture was adjusted to 85 • C. Subsequently, 2.5 ml TEOS (11.2 mmol) was added dropwise to the surfactant solution under vigorous stirring. The mixture was then allowed to react for 2 h to give rise to a white precipitate. Finally, this solid crude product was filtered, and washed with nanopure water and methanol. The product was dried under high vacuum at 60 • C to yield the as-synthesized MCM-41. To remove the surfactant template CTAB, 0.70 g of the as-synthesized MCM-41 was refluxed for 6 h in a solution of 0.7 ml of HCl (37%) and 70 ml of methanol. The resulting material was filtered and extensively washed with nanopure water and methanol. The surfactant-free MCM-41 material was then placed under high vacuum with heating at 60 • C to remove the remaining solvent in the mesochannels.
Characterization
Transmission electron microscopy (TEM) images were obtained on a FEI Tecnai G2 F20 TEM at a 200 kV acceleration voltage. UV-vis spectra were carried out on a UV-vis 1601 Shimadzu spectrophotometer. Smallangle powder x-ray diffraction patterns of the MCM-41 materials were obtained in a Scintag XDS-2000 powder diffractometer, using Cu Kα irradiation (λ = 0.154 nm). N 2 adsorption-desorption isotherms were obtained at −196 • C on a Micromeritics ASAP 2010 sorptometer by static adsorption procedures. Samples were degassed at 100 • C and 10 −3 Torr for a minimum of 12 h prior to analysis. The zeta potentials of mesoporous silica nanoparticles under a range of pH and ion strength were measured at 25 • C using a Malvern Nano ZS90 laser particle analyzer.
Loading of guest molecules
First, the loading of MV 2+ and NDS 2− was performed separately. 5 mg MCM-41 samples was added into the solutions of MV 2+ (5 mM) or NDS 2− (5 mM) in 1.0 ml sodium acetate-acetic acid buffer (10 mM) of different pH and the mixture was sonicated for 30 s and then incubated in a Thermostated Mixing Block (MB-102, Bioer) for 24 h at 25 • C, operating at 1300 rpm. Then the suspensions were separated by centrifugation prior to analysis of the supernatant by detecting the absorbance at 257 nm (MV 2+ ) or 225 nm (NDS 2− ). Standard curves were generated for MV 2+ and NDS 2− over appropriate concentration range for each set of samples to determine the loading amount. For the study of the effect of ion strength on the loading, different amount of NaCl solid was added into the buffer solution to get concentrations of 0, 50, 250, 1000 mM NaCl. For the permselectivity modulation experiments, MCM-41 was incubated in a mixture of MV 2+ (5 mM) and NDS 2− (5 mM) at different pH and ion strength.
Result and discussion
Characterization of MCM-41
MCM-41 is a classical mesoporous material with highly ordered parallel mesochannels from the surfactant templating method and the diameter of the mesochannels was controlled by the size of the surfactant used [1, 2] . In order to confirm the typical channel structure of the synthesized MCM-41 matrix, the detailed microstructure was characterized by TEM as shown in figure 1 (A). This shows that the prepared MCM-41 are obtained as spherical particles and the sizes of the particles range from 80 to 120 nm, which is in accordance with the range previously reported by Cai [37] . The TEM images of the particles in figure 1(A) show the detailed structure of the particles. As shown clearly, the pore channels are highly ordered parallel cylinders with a diameter of about 2 nm and the pore wall thickness is estimated to be about 1 nm. The powder x-ray patterns of the solid MCM-41 confirms the typical mesoporous structure ( figure 1(B) ). The XRD shows four low-angle reflections peaks at 2.17 • , 3.78 • , 4.33 • and 5.76 • separately, which can be indexed as (100), (110), (200), and (210) Bragg peaks of a hexagonal ordered array, suggesting perfect long-range order in this material [1, 37] . From the XRD data, the repeat distance, a 0 , between two pore centers in MCM-41 was 4.67 nm (a 0 = (2/ √ 3)d 100 ), using the d 100 value of 4.07 nm.
The functional groups on the silica mesoporous nanoparticles were determined by FTIR spectroscopy. As shown in figure 2(A), a broad absorption band at 3450 cm −1 is attributed to the stretching of the Si-OH group. The bands around 1095, 798, and 468 cm −1 are asymmetric stretching, symmetric stretching, and bending of Si-O-Si vibration respectively [38] . The results indicate that the surface groups in the mesoporous silica materials are mainly Si-OH, which could be protonated at low pH or deprotonated at high pH [35] , and provide interaction binding sites for guest molecules. The surface area of the MSN host could be determined through N 2 adsorption-desorption isotherms of the MSN. As shown in figure 2(B), the N 2 adsorption-desorption isotherms of MCM-41 show a typical type IV curve and there is a single strong, sharp adsorption step at intermediate relative partial pressure values around 0.3, which confirms the mesoporous structure of the material. The specific surface area of the MCM-41 was 1070.4 m 2 g −1 and the average pore diameter was 2.74 nm, which provided sufficient space for the adsorption of guest molecules. The wall thickness was estimated to be 2.03 nm by measuring the pore size from N 2 adsorption-desorption isotherms ( figure 2(B) ) by a 0 , which is slightly thicker than the HRTEM result.
Effect of pH on the loading process
pH is the dominant factor that controls the surface charge state of silica materials. In order to investigate the effect of pH on the loading of charged molecules, MV 2+ and NDS 2− were selected as model cation and anion, for they are both divalent ion and have similar molecular volumes. Their chemical structures are shown in figure S1 (available at stacks.iop.org/ Nano/24/415501/mmedia), and their sizes are estimated to be 0.637 nm 3 and 0.680 nm 3 respectively [39] , confirming that they are small enough to enter the host mesoporous nanochannels. NDS 2− shows a characteristic sharp band centered at 225 nm, and MV 2+ shows a strong band centered at 257 nm (figure S2 available at stacks.iop.org/Nano/24/ 415501/mmedia). Their spectra at different pH indicate that pH showed no obvious influence on their absorption property. Their concentration-dependent adsorption curves showed that the adsorption values were all direct proportional to the concentrations of the guest molecules (figures S3 and S4 available at stacks.iop.org/Nano/24/415501/mmedia). Thus, the concentrations of MV 2+ and NDS 2− were determined from the absorbance at 257 nm and 225 nm respectively according to the standard curve. The loading amount was calculated from the mole change of the guest molecule before and after incubation with MSN. The loading of MV 2+ and NDS 2− in MSN at different pH were then investigated. The reason that the pH range of 3.0-8.0 was chosen is that the isoelectric point of mesoporous silica nanoparticles is about pH 4 and thus a pH range around 4 was selected. The loading experiments were performed in 10 mM sodium acetate-acetic acid buffer. The influence of possible nanoparticle aggregation on the loading process was then considered. It is known that particle aggregation can be classified into hard-and soft-aggregation based on intra-particle force, in which weak physical van der Waals forces induce soft agglomerates and stronger chemical or sintering bonds induce hard agglomerates. Compared to hard agglomerates, soft agglomerates are unstable and will be broken up by simple mechanical stirring or sonication [40] . In our system, the main intra-particle forces of MSN were the attractive van der Waals forces and repulsive electrostatic forces. As the solution pH approached the isoelectric point or the ion strength increased, the repulsive electrostatic forces decreased and the resultant intra-particle force turned from repulsive to attractive force, which may induce soft agglomerates and hydrodynamic diameter increase. In order to reduce particle aggregation and eliminate its possible effect on the loading process, the solution containing nanoparticles was sonicated for 30 s and then incubated with continuous stirring at high speed of 1300 rpm for 24 h.
First, the loading amount of MV 2+ and NDS 2− in MCM-41 per unit mass at different pH was investigated. As shown in figure 3(A) , for cationic MV 2+ , the loading amount increased gradually from pH 3.0 to pH 7.0, and did not change obviously above pH 7.0. On the other hand, for anionic NDS 2− , the loading amount decreased as pH increased. For the cation and anion comparison, the loading amount of MV 2+ is lower than NDS 2− when the solution pH is below pH 4.0 and almost equal at pH 4.0. However, when the pH is higher than 4.0, the loading amount of MV 2+ is oppositely higher than NDS 2− and the loading mole ratio (MV 2+ /NDS 2− in mole) increased from 1.1 to 6.0 as pH changed from 4.0 to 8.0. The results clearly demonstrate that the solution pH has great influence on the loading process. The pH-dependent loading of charged molecules may result from the electronic interaction between the charged guest molecules and the host MSN, and the influence can be attributed to the electric state of the silica surface. Thus, the zeta potential of the mesoporous silica nanoparticles was determined. As shown in figure 3(B) , the zeta potential of the particles dropped steadily from +9.5 to −22.4 mV as pH increased from 3.0 to 7.0, and changed little above pH 7.0. The isoelectric point of the MSN was estimated to be 3.8. This can explain the loading amount diversity of cationic MV 2+ and anionic NDS 2− at different pH. When the solution pH is lower than the isoelectric point, the Si-OH groups of mesoporous silica matrix are protonated and positively charged, so the cationic MV 2+ is excluded while the anionic NDS 2− is attracted. As a result, the loading amount of MV 2+ is low and is much lower than NDS 2− . For the pH below 3.0, it is presumed that the mesoporous particles will load more NDS 2− and less MV 2+ , for the particles will get more positively charged as a result of protonation of the hydroxyls. As the solution pH increased, the mesoporous silica matrix deprotonated and become more and more negatively charged. Consequently, in a reverse manner, the cationic MV 2+ is attracted and the anionic NDS 2− is excluded, so the loading amount of MV 2+ increased gradually while it decreased for NDS 2− . For pH above 8.0, the zeta potential changes little, so it is believed that the loading amount is similar to that at pH 8.0. In addition, at pH around the isoelectric point (pH 3.8), the matrix has almost no charge, and the loading amount of cationic MV 2+ and anionic NDS 2− is almost equal. At this point, the electrostatic interaction may not dominate the loading process. Therefore, at pH away from the isoelectric point, the electrostatic interaction between the guest molecule and the silica mesoporous matrix plays a key role in the charged molecule loading, and the loading of molecules possessing opposite charge to that of the particle is preferred.
Effect of ion strength on the loading process
As the electrostatic field of nanoparticle surface is influenced by the solution ion strength, it may also affect the loading of charged molecules in the MSN [41] . In order to understand the influence of ion strength on the electrostatic-interaction-based loading, the loading at different ion strength was investigated at pH 3.0 and 8.0, when the cation was electrostatically rejected or accumulated respectively. It was investigated after adding different concentrations of NaCl. As shown in figure 4(A) , at pH 8.0, the loading amount MV 2+ decreased as the concentration of NaCl increased, while, on the contrary, the loading amount increased gradually in the case of pH 3.0. However, for NDS 2− , the loading amount increased as the concentration of NaCl increased at pH 8.0, and decreased gradually in the case of pH 3.0 (figure S5 available at stacks.iop.org/Nano/24/415501/ mmedia). To evaluate the charge state of the particle, the zeta potential of the particles at different ion strength was investigated. As is shown in figure 4(B) , the absolute zeta potential value decreased gradually as the concentration of NaCl increased at both pH 8.0 and 3.0, which indicated that the surface charge of the particles was screened by the adding of salt. This is because when the NaCl is added, the number of free charges on the surface of MSN is reduced as a result of the specific adsorption of ions of opposite charge. Such ions will be adsorbed strongly enough that they will not be displaced by thermal Brownian motion. Thus, they effectively screen or neutralize a portion of the inherent surface charge of the MSN [41] . The ion-strength-dependent surface potentials of MSN hence will greatly determine the loading of guest molecules. As the ion strength increased, the zeta potentials decreased and the loading of species that have the opposite charge to the MSN decreased accordingly, while the loading of molecules that have the same charge as the MSN increased.
As the particles are highly ordered parallel cylinders, the guest molecules are mainly loaded in the mesochannels. The ion-strength-modulated loading in the mesochannels can be analyzed by the electrical double-layer distribution change in the nanoconfined space in the MSN, which means that a charged surface possesses an evenly distributed charge that is just balanced by the total opposite charge, the counter ions in the electrical double layer. The concentration of counter ions decreases gradually with the distance from the charged surface until the bulk solution, while, on the contrary, the concentration of co-ion, which possesses the same charge as the surface, increase until the bulk solution. The electrical double-layer thickness of low surface potentials can be estimated from the Debye length κ −1 [41] ,
where e is the elementary electron charge, ε 0 the permittivity of vacuum, ε r the relative permittivity of the liquid medium, k B the Boltzmann constant, T the temperature, Z i the charge of ion species i, and n 0 i the number density of ion species in the bulk of the electrolyte solution. In a theoretic calculation, for 1 mM NaCl electrolytes at 25 • C, the double-layer thickness was estimated to be 9.6 nm [41] . As in the mesochannels, when the salt concentration is low, the diameter of the channel is much smaller than the double-layer thickness and the double layer of the charged channel wall would overlap, so, the channel was mainly filled with charged molecules of the opposite charge to the channel wall. Thus, at pH 3.0, when the ion strength was low, the channels were positively charged and were impermeable to cationic MV 2+ as it possesses the same charge as the channel wall. As the concentration of NaCl increased, the electrical double layer decreased to the pore wall. As a result, the rejection of cationic MV 2+ from the mesochannel decreased-then MV 2+ can penetrate into the middle of the channels and the loading amount increase. At pH 8.0, the cationic MV 2+ was attracted in the negatively charged mesochannels to form the electrical double layer. When NaCl was added in the solution, the thickness of electrical double layer decreased, which resulted in the decrease of loading amount. The addition of salt decreased the thickness of the electrical double layer in the mesochannels, which can be used to increase the loading amount of charged molecules possessing the opposite charge of the surface, and decrease the loading of species that have the same charge as the surface. Therefore, for the loading of charged species in mesoporous silica nanoparticles, the electrostatic interaction between the guest molecule and the mesochannel wall is the primary factor that dominates the loading process. pH and ion strength, which greatly influence the electrical field state and distribution in the nanoconfined channels, can be employed to modulate the loading process. The highest loading amount for charged molecule was achieved when the charge of the mesochannel wall is high and the guest molecule has a charge opposite that of the mesochannel matrix. This is illustrated in figure 5 . This could find application in the selective loading of charged molecules, such as separation, the pharmacy field as well as permselectivity research.
Permselectivity modulation in silica mesochannels
The selective loading of specific charged molecules in a mixture and their permselectivity modulation show promising applications in separation, sensing and artificial biological membrane mimicry [36] . As shown above, separately, the loading amount of MV 2+ and NDS 2− in the mesoporous particles under identical conditions differs greatly and the ratio is determined by the pH and ion strength. In order to understand the permselectivity of silica mesochannels, we investigate the pH-and ion-strength-based loading modulation of mixed MV 2+ and NDS 2− . The mole change of the guest molecules in the supernatant was calculated through elimination algorithms of binary linear equation group as described in supporting information (available at stacks.iop. org/Nano/24/415501/mmedia). As is shown in figure 6 (A) from pH 3.0 to 8.0, the loading amount of MV 2+ increased gradually while it decreased gradually for NDS 2− . At pH 3.0, the loading amount of NDS 2− was higher than that of MV 2+ , for the anion loading is preferential and as the solution pH increased to 8.0, the loading of MV 2+ increased to become much higher than that of NDS 2− . The permselectivity factor (loading ratio of MV 2+ to NDS 2− ) can be adjusted from 0.4 to 4.5 as pH changed from 3.0 to 8.0. The loading modulation ability of ion strength of charged molecules was also investigated at pH 3.0. As shown in figure 6(B) , when the concentration of NaCl added increased, the permselectivity factor (loading ratio of NDS 2− and MV 2+ ) can be adjusted from 4.1 to 1.1. Thus, the permselectivity in the silica mesochannels can be modulated by both the pH and ion strength of the solution as needed, which can be used to construct nanofluidic devices and to understand the biological membrane transport property.
Conclusion
We have investigated the loading of cationic MV 2+ and anionic NDS 2− in mesoporous silica nanoparticles under different pH and ion strength. The electrostatic accumulation or rejection between the guest molecule and the particles determines the loading process. pH and ion strength were employed as simple and convenient approaches to modulate the loading of charged molecules. The highest loading amount for charged molecule was achieved when the charge of the mesochannel wall is high and the guest molecule has a charge opposite that of the mesochannel matrix. Furthermore, electrostatic-interaction-based permselectivity modulation can also be accomplished by adjusting the pH and ion strength. All the featured consequences could provide a deeper understanding of the loading of charged molecules in mesoporous materials and provide guidance for the transport modulation in mesochannels and MSN-based controlled drug release.
